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SUPERSONIC FLOW FIELD 
By Conrad Rennemann, Jr. 

SUMMARY 



ODbbMb? 


A general expression for the cross -sectional- area distribution of 
the minimum-drag body of revolution of given volume and length in a non- 
uniform supersonic flow field is derived on the basis of linearized 
theory. This result is restricted to cases where the potential of the 
disturbance to the uniform stream can be expanded in a Taylor's series 
about the body axis. The theory is applied to the determination of the 
minimum-drag body of revolution of given volume and length located in 
the flow field of a parabolic body. Several representative calculations 
show that the interference pressures from a main body have a negligible 
effect on the shape for minimum wave drag of the satellite body (minimum- 
drag body) . 


INTRODUCTION 


The aerodynamic characteristics of airplanes designed for supersonic 
flight speeds are influenced by the interference effects between the 
various components of the configuration. In the analysis of interference 
effects based on linearized theory, it proves convenient to introduce an 
interference velocity potential -viiich is defined as the difference between 
the velocity potential for a complete configuration and the sum of the 
velocity potentials of the isolated components. This potential arises 
from properly satisfying the boundary conditions for the flow past the 
ccmplete configuration. The velocity or pressure at any point of the 
flow field is the sum of the velocities or pressures derived from the 
potentials of each of the conponents plus the interference potential. 

For example, the pressure acting on a given component, such as a wing, 
is considered to consist of three terms; the pressure that would act on 
the wing if it were in a uniform flow field, the pressures from the other 
components of the configuration evaluated on the wing, and the pressure 
derived from the interference velocity potential. The last two terms 
are the interference pressures acting on the wing. 
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The calculation of the forces acting on a configuration is coji^jli- 
cated by the interactions betveen the components. Many investigations 
have been made of these interference effects, most of ■which have con- 
sidered the lift of wing-body combinations. Interference effects on the 
wave drag of a configuration are also of in5>ortance, but to date little 
work has been done in this direction. Friedman and Cohen (ref. 1 ) have 
calcinLated the wave drag of a system of three bodies of revolution to 
determine the importance of the orientation of the bodies. Their study 
considered the interference wave drag arising from the pressures from 
one body acting on another. They concluded that the -wave drag of such a 
configuration can be significantly less than the sum of the -wave drags 
of the various components provided the bodies are located for favorable 
interference dreig. 

The bodies considered by Friedman and Cohen in their interference 
calculations were designed for minimum wave drag in a uniform stream. 
However, additional wave-drag reductions should be possible by properly 
shaping the bodies to talce advantage of the interference pressures. The 
pressures from one body acting on another body can be considered as 
arising from a disturbance to a uniform streamj that is, a body lying in 
the flow field of another body can be considered to be in a nonuniform 
stream. 

In the present paper, the -wave drag of a body of revolution in a 
nonuniform supersonic stream is derived on the basis of slender-body 
theory. The area distribution of the minimum-drag body of revolution in 
a nonuniform svipersonic stream is then obtained for the auxiliary condi- 
tions of given volume and length. This result is used to determine the 
area distribution of the minimum-drag body of revolution lying in the 
flow field of another body of revolution. Calculations for several 
representative cases are included. 


SYMBOLS 


a,b,c,d constants 
Aj(x),Ej(x) singularity strengths 



Pb - 
P» y2 
2 


D 

^SH 


wave drag 

wave drag of Sears-Haack body 
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AD difference between wave drag of Sears-Haack body In flow 

field of main body and wave drag of inlniraum-drag satellite 
body 



K(xi) = 


01 % 1 . 0 , 0 ) + 01 ^(ii,0,0) 

1 


d^. 


I 
I 
M 
m 
P 

q. = 


Poo 


R(x) 

b(|,9 

"■o 

x,r,0 
S(x) = 

b(xi) = 


length of satellite body 
length of main body 
Mach number 

outwardly directed normal to base contour 
local pressure 
stream pressure 


body radius at any station x, ^ x < ^ 


base radius 

maximum radius of parabolic body 

radius of cylinder of integration 
cylindrical coordinates 
rtR2(x) 

S(x) 
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U stream velocity 

Volijme 


V = 


(i/ 2 )- 


x,y,z 


X 

1/2 


V - y 

“175 


rectangular coordinates 


zi = 




i/2 


coordinate system for location of satellite body vlth respect 
to main body 


P = - 1 


P 

Poo 

a 


local density 
stream density 
surface of integration 


cp^(x,y,z) velocity potential of a small disturbance to a uniform stream 

cpgCx^y^z) velocity potential of a distribution of singularities along 
body aocls required to represent flow past body in a uni- 
form stream 

cpj(x,y, z) interference velocity potential of a second distribution of 
singularities along body axis -which is required to cancel 
flow through surface boundary due to nonuniformity of flow 
field 


, , , cp3_(x,y,z) 

0l(xi,yi,Z3_] 


, _ ^ 9p(x,y,z) 

s’aCn-yi’n) = — ^ — 
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05(xi,yi.z^= 

cp = cp^ + cp^ + CPj 
$ velocity potential 



I I 


dummy variables of integration 

A prime denotes the derivative with respect to the argument of the 
function. 

Subscripts denote partial derivatives with respect to the indicated 
variable. 


ANALYSIS 
Drag Equation 


In the analysis of the flow past a slender body in a nonuniform 
stream^ based on linearized theory, the nonuniform field is considered 
to arise from a small disturbance to a uniform stream of velocity U. 
The potential <Ii of the flow about the body can then be expressed as 


$ = I U(xi + 9(1 + + h) 


( 1 ) 


where 

nondimenslonal velocity potential of a small disturbance to 
the uniform stream 

02 nondimenslonal velocity potential of a distribution of singu- 

larities along the body axis required to represent the flow 
past the body in the unif n-rm stream 

nondimenslonal interference velocity potential of a second 
distribution of singularities along the body axis which is 
required to cancel the flow throu^ the surface boundary 
due to the nonimiformlty of the flow field 


h 
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The wave drag is calculated from the momentum transfer through a 
surface enclosing the "body. The velocities and pressures occurring in 
the expression for the mcmentum transfer are related to the distvurhance 
velocity potentials throu^ equation (l) and a linearized pressure rela- 
tionship. In order to facilitate the integration of the resulting equa- 
tions, the potential is expanded in a Taylor's series about the body 

axis ^xj^-axis^ as 

^1 1 


where a consistent approximation is obtained by retaining the first three 
terms . The details of this analysis are presented in the appendix, where 
it is shown that the wave drag of a slender, closed body of revolution 
can be written as 


D 




2jt 


- 1^-1 


s"(xi)s"(li)loge|xi - li|d|^ dx^ - 




where 




and is the nondimensional body cross-sectional-area distribution. 

The double-integral term of equation (5) is the wave drag of a slender, 
closed body of revolution in a uniform supersonic flov field as derived 
by Von Karmen (ref. 2) and the single -integral term is the interference 
wave drag, which depends primarily on the pressures from the disturbance 
to the uniform stream integrated over the body surface. 


Minimum-Drag Body 

The body cross-sectional-area distribution s^x^^, which minimizes 
equation (5), will be determined for the auxiliary conditions of given 
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volume and length of the body. This Is an isoperimetric problem of the 
calculus of variations, and, 'vdien the method outlined in reference 3 is 
employed, an Integral equation for is obtained as 



^ h 


d|- 


= a + bx, + cx^ 


2„K(Xi) 


(4) 


vhiere a, b, and c 
tion (4) for s'^x^^ 


are arbitrary constants. The solution of equa- 
ls (ref. 4) 



■vhiere 


(5) 



and d is an arbitrary constant. Integration of equation (5) gives 
for B (x^^ 



l(b 


d( sln”^x^ + Ji 
1 2 


)+ (a + 




Xi^l 





- “(*l) 


( 6 ) 


where 





and use has been made of the condition 


s(-l) = 0. 
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The arbitrary constants a, b, c, and d occiirring in equation ( 6 ) 
are determined by use of the end-point conditions 


s’(-l) = s’(l) = s(l) = 0 


and the auxiliary condition 



= V = Constant 


where V 


is the volume of the body divided by 



Upon the deter- 


mination of these constants, the area distribution of the optimum body 
of given volume and length in a nonimiform supersonic stream is expressed 
as 


(^1) = ^ ^ I) ^ 


I G{1) - H(l) 




- 2G 


wj 

(7) 


where 


1 -(^l) 


X. H 






^1 


k(i J^I - Ii 


\ - ^1 


d|. 


For a vmiform supersonic stream, ^ hence 


= 0 . 


Then 


<>=1) = It Hi - nH' 


5/2 
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which is the Sears-Haack minimum-drag body of revolution for a given 
volume and length (refs.. 5 and 6). Equation (7) is in the form of the 
Sears-Haack body plus a correction term which is a function of the param- 
eters describing the nommiformity of the flov field considered. 


APPLICATION 


The area distribution for the minimum-drag body of revolution of 
given volume and length in an arbitrary nonuniform supersonic stream is 
presented in equation (7) • In order to apply this equation to any given 
problem, an expression for is required. In many cases, an 

analytical expression for ^ is not easily obtained, or, if it is, 

the integrations of this expression that must be performed to obtain the 
body area distribution appear to make any application of equation (7) 
almost prohibitive. However, it has been found that in some applications 
it is possible to approximate ^^X2_^ by a polynomial of the fourth order 

or less, and that a polynomial expression for K!^x^^ can easily be inte- 
grated to obtain the required area distribution of the mlnim\mi-drag body 
of revolution. For the polynomial 

K(xi) = a^ + aj_X3_ + 8 ,^ 2 ^ + ^5^1^ "*■ 


the area distribution of the minlmimi-drag body is, from equation (7), 





"1 } 








2 



(8) 


8V/ 2 \ 5/2 

where ” ^1 j area distribution of a 

of revolution. (in order that the area distribution 


Sears-Haack body 
s ^x^^ J may always 


be positive, the volume-to-length-cubed ratio V of the body cannot 
become smaller than a limiting value dependent on a^ and a^^. See 

eq. ( 8 ).) The wave drag of the minimum-drag body of revolution in this 
nonimlform stream is, from equations (5) and ( 8 ), 


D 


8V^ + 



+ 




( 9 ) 
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Equation (8) for the area distribution is in the form of the area dis- 
tribution of the Sears-Haack body of revolution plus a correction term 
Independent of the volume of the body. This correction term is also 
independent of the constant, linear, and quadratic terms in 


These terms do not affect the minimum problem since the constant and 
linear terms do not contribute to the wave drag and the quadratic term 
merely adds a constant amount of wave drag for a fixed volume, which is 
independent of the body cross-sectional-area distribution. (See eq. (j).) 


For cases where ^ that is, when ^X2,0,0^ 

and 02 ^ ^^Xj, 0 , 0 ^ are small compared with ^Xj,0,0^, which will be 

discussed subsequently, is -l/2 times the interference pressure 


caused by the non\miform stream. Then the previous discussion concerning 
the terms in a polynomial K^x^^, which affect the shape for minimum drag, 

can be restated in terms of the interference pressure coefficient. The 
shape for minimum drag is independent of the level of the pressure and 
the pressure gradient) only the curvature and higher order terms in the 
Interference pressure distribution influence the minimum shape. 


Equation (9) for the drag of the minimum-drag body is in the form 
of the drag of the Sears-Haack body in this nonuniform stream (first two 
terms of eq. (9)) plus a correction term which is independent of the 
volume of the body. This correction term is the difference between the 
wave drag of the Sears-Haack body in the nonuniform stream and the wave 
drag of the minimum-drag body and hence is the wave-drag reduction due 
to shaping the body for favorable interference drag. This drag reduc- 
tion is constant for a given nonuniform stream, independent of the volume- 
to-length- cubed ratio of the body. This implies that the percent drag 
reduction will increase with decreasing volume for bodies of equal length. 


Konunlform Flow Field Produced by a Body of Revolution 

One case where an expression for K^x^^ can be obtained is when 

the nonuniform flow field is produced by a body in a uniform flow field) 
that is, the theory developed in the preceding sections can be used to 
determine the shape of the minimum-drag satellite body located in the 
flow field of a main body. In this case 0^^Xj^,O,O^, which must be known 

to determine K^x^'J, is the disturbance potential of the main body evalu- 
ated along the satellite-body axis, provided disturbances originating at 
the satellite body and subsequently reflected from the main body do not 
influence the satellite body. This condition imposes a limiting minimum 
distance between the two bodies if any part of the satellite body lies 
between the nose Mach cone and the forecone from the tail of the main 



MCA ™ 5369 


11 


body. This limiting distance depends on the length of the satellite body 
and the Mach number. If the satellite body is closer to the main body 
than this limiting distance, ^(^ij difficult to obtain because there 

will be a contribution from the area distribution of the satellite body 
which is not known at the outset of the problem. Some type of iteration 
procedure would probably have to be employed in such cases . 


If the nonuniform flow field under consideration arises from the 
disturbance field of a smooth body of revolution, some sinpillfication in 
the form of is possible. The derivative of with respect 

to Xp, that is, is composed of three terms: ^x^,0,oV 

^1' 

5^p ^^x^,0,0^, and 0p^ ^^x^,0,0^. In general if 0j^^x^,O,O^ arises 

from a smooth body of revolution, 0p^ ^Xj^,0,0^ and 0p ^Xj^,0,0 j 

will be small compared with 0p^ ^Xj^,0,0^ if the radial distance from 

the body is sufficiently large. For example, calculations performed 
with the linearized disturbance potential from a parabolib body of revolu- 
tion of fineness ratio 10 showed that 0p ^Xp,0,0^ was of the order of 

10 times larger than 0p^ ^^xp,0,0^ and 0p^ ^^Xp,0,o) at stations that 

were 2.5 maximum body radii from the body. Consequently, only a small 

error is incurred in such cases by neglecting the contributions of 

9^p^ ^^x^,0,0^ and 0p ^^x^,0,0^ to K'^x^^. Then 0p^ ^Xj^,0,o) 

or ^(^p) 0p(xpjO^o)i that is, K^x^^^ is the linearized disturbance 

potential of the main body evaluated along the satellite-body axis, and 
a polyncmial approximation for K!^x^^ is easily obtained. 


The drag of the minimum-drag satellite body has been calculated for 

two ratios of volume to ( 1 / 2 ) , V = 0.057010 and V = 0.009255^ "which 
correspond approximately to satellite-body fineness ratios of 10 and 20, 
respectively. A sketch of the configuration is shown in figure 1. The 
location of the satellite body is designated by the coordinates p.,^, 

where p. = — - p JT and y are the coordinates of the nose of the 

T I 

satellite body, x = y = 0 are the coordinates of the nose of the main 
body, and I is the length of the main body. The lines p. = Constant 
are Mach lines from the main body in the plane passing through the axes 
of both bodies. In both cases the main body is a parabolic body of 
revolution of fineness ratio 10 and the satellite body is one-fourth the 
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length of the main body. The Mach number is ^f2 and y = 

is the maximum radius of the main body. For the cases considered, 

this distance between the bodies corresponds to the limiting minimum 
distance. A polynomial expression for K^x^^ was obtained for each 

location of the satellite body by fitting a polynomial to the linearized 
potential of the parabolic body evaluated along the satellite-body axis 
and the drag was calculated from equation (9)- 

The results of these calculations are presented in figiire 2 as the 
difference between the wave drag of a. Sears-Haack body in the flow field 
of the main body and the wave drag of the mlnlmtnn-drag satellite body 
AD divided by the wave drag of the Sears-Haack body ^SH‘ This quan- 
tity AD^Dgjj is plotted against p, the location of the satellite body, 

and represents the fractional drag reduction obtained by shaping the 
satellite body for favorable interference drag. For both cases of fig- 
ure 2, the minimum-drag satellite body has less drag than the Sears- 
Haack body in the same stream, as would be expected, but the percent drag 
reduction is less than 2 percent for most locations of the satellite body. 
Consequently, since these are fairly representative cases, little or no 
advantage can be expected from shaping satellite bodies for favorable 
interference drag, when the Interference pressures arise from a smooth 
body of revolution sufficiently far removed that the satellite body is 
not influenced by reflected disturbances. The Important parameter appears 
to be the location of the satellite body as shown by Friedman and Cohen 
in reference 1. 

In order to illustrate the type of area distribution that gives 
minimum wave drag in the nonuniform flow field arising from a parabolic 
main body, the minimum-drag area distribution for a satellite body of 
fineness ratio 10 (V = 0.037010) located at p = 0 is presented in fig- 
ure 3- The area distribution of the Sears-Haack body of the same volume 
and length is also included for comparison purposes. As would be expected, 
there is little difference between the area distributions of the two 
bodies . 


Nonuniform Field Produced by Wings 

The theory that has been presented is also applicable when the non- 
imiform flow field is produced by a wing, provided the body is off the 
wing. This restriction arises from the derivation of equation (l) where 
it was assumed that the potential of the disturbance to the uniform stream 
can be expanded in a Taylor's series about the body axis. However, for a 
wing, cSt is discontinuous in the plane of the wing and a Taylor's series 

expansion in that region is not possible. 
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The calculations made for the tvo-hody problem indicated that, for 
a nonimif orm flow field produced by a smooth body, the correction to the 
Sears-Haack shape was determined primarily by the curvature of the pres- 
sure distribution in the nonuniform stream. In general, the cin'vature 
of the pressure distribution arising from a smooth wing will not be 
greatly different from that for a smooth body. Consequently, only small 
drag reductions are expected for satellite bodies located in the flow 
field of a wing. 


Langley Aeronautical Laboratory, 

National Advisory Committee for Aeronautics, 
Langley Field, Va., November I8, 195 ^- 
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APPENDIX 

WAVE-DRAG EQUATION FOR A SLENDER BODY IN A 
NONUNIFORM STREAM 


The wave drag of a slender body can be determined by the momentum 
transfer through a surface enclosing the body as 


D = / n*Ip da + 


p(n-q)(i.q) da 


(Al) 


where the continuity eqiiation is 



pq-n da = 0 


(A 2 ) 


and where 

a 

n 

I 

Q 

P 

P 


enclosing surface 

unit vector, directed inward, normal to a 

unit vector in the x-direction 

velocity vector 

local pressure 

local density 


x,r ,0 cylindrical coordinates 

(See fig. h.) It proves convenient to take the enclosing surface as two 
planes normal to the x-axis at ^ ^ ~ \ ^ cylinder 

r = r^ = Constant. When a disturbance velocity potential cp defined by 


(A5) 


$ = U(x + cp) 
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is introduced into equations (Al) and (A 2 ) , the wave drag may be expressed 
as 



where 



Pb 

base 

pressure 

Sb 

base 

area 

K(i,e) 

base 

radius 


and 9^^ has been neglected inasmuch as it is small in comparison with 
?x- 

In order to relate the wave drag to the body geometry and to the 
disturbance to the uniform stream^ the form of cp must be known. If 
the nonuniform field is considered to arise from a small disturbance to 
a xmiform stream, 9 can be expressed as 


9 = + <P2 + ^5 


(A5) 


where 

^1 


9 


5 


velocity potential of a small disturbance to the imiform 
stream 

velocity potential of a distribution of singularities along 
the body ajcis required to represent the flow past the body 
in the imiform stream 

Interference velocity potential of a second distribution of 
singularities along the body axis which is required to can- 
cel the flow through the surface boundary due to the non- 
uniformity of the flow field 


In order to facilitate the Integration of the momentum equation, the 
potential 9^ is expanded in a Taylor's series about the body axis 

(x-axls) as 
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cp^(x,y,z) = cp^(x,0,0) + 

The slender-hody approximation 
laritles distributed along the 


zcp^ (x,0,0) + + • • • (A-6) 

for the potential <p2 + ' of the singu- 

body axis is 




+ Cp^ « 


^n(^) 


2ri 




00 -J — I 

y~ -J Aj(x) COB j9 + Bj(x) sin j0 (A7) 

J 1 ^ i— J 


vhere Aj(x) and Bj(x) are the singularity strengths to be evaluated 
from the boundary conditions on the body. (See ref. 7.) 

The local pressure p is related to the stream pressure and 

the disturbance potential cp by 


P = Poo - 






r^f 


(A8) 


where cpx^ has been neglected inasmuch as it is smaiJ. in comparison with 
*?r^^ (^) * cases the contribution to 9^,^ and 


ml 


will be 


from the nonuniformity of the flow field ^cp^. 

small compared with However, these terms are retained in order to 

treat cases where they are in^iortant. The first three terms of equa- 
tion (A6) are then retained as consistent with this approximation. 

Ccanbining eq,iiations (a 4) and (a8) yields 


D 

g. 


^23( 




2 

cp + 


(l)J 


r dr d9 


- r° L 2 m 

'^0 ^0 L ^ ^ ^ ^ 


x=- 1 

^ 2 


r dr d0 



(A 9 ) 
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■where 


and 



Pb - P. 



n Tt2 

<1 = -^ u 


The form of the potential op = 9^ + cp^ + Tj le such that it satisfies 
Laplace's equation in the cross-flow plane. Then 



= V9-V9 



and equation (A9) becomes 




(AlO) 



is a contour integral about the base of 


the body and m is the outwardly directed normal to the base contour. 
When eq-uations (A 5 ), (a 6 ), (A 7 ), and (AlO) are combined and the integra- 
tions over 0 are performed^ the foUo-vd.ng equation is obtained for the 
drag of a slender body in a non\mlform stream: 



iO]a 
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-Mil) 




'I 


CP3^ (i,0,0)Ai(x) - qii^(x,0,0)A^'(x) - cp^^{x,0,0)Bi(x) + cpi^(x,0,0)Bj^' (i) 




where 


'‘j(-|)'=j(-|) = ° 

that is, all the singularity strengths are zero at the nose of the body. 

For a body of revolution the contour integral of equation (All) can 
be partially evaluated. Then 






(|,0,o) ^ 91/ (|,0,o) 


" — 5 T 

J=i Kt^ 




(A12) 


where R-^ is the base radius for body of revolution. 

In order to calculate the drag of a prescribed body, the strength 
of the singularities must be related to the geometry of the body. For 
a body of revolution, the following relation is obtained from the bound- 
ary condition: 




(AI3) 


where R(x) is the radius of the body at any station x. From equa- 
tions (A 3 ), (A 5 ), and (AI5) 


+ 92^ + + 'Plx ''"S 
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or approximately 


. 'Pjj. 


(Allf) 


and combining equations (a6) , i^l) } gives 

^ 0 ^^^ ^ J 


2itR(x) j=i r(x) 


^ y A,(x)cos J0 + B-i(x)Bin j9 - cp]_ (x,0,0)cos 0 + 

ij+l[_J J ^ 


9l^(x,0,0)sin 9 = 


(AI 5 ) 


Frcm equation (AI 5 ) the singularity strengths are related to the body 
geometry by setting 


Aq(x) = 2jtR(x)R^(x) = S'(x) 


B^(x) 

= cpi (x,0,0) 

R^(x) ^ 


r 2 (x) 


= (x^ 0 , 0 ) 


A.(x) = B^(x) =0 J > 1 


(ai6) 


Combining equations (All), (A12), and (Aik) gives the expression 


3' (1/2) pl/2 


‘1 * •^- 1/2 

2 


nl/2 I , p^/2 n^/2 

/ 8"(x) loge 4 - X dx - i / / 3"(x)3"(5) logg x - S | d5 Ox - 

J-r/^ 'J-l/2'J-l/2 


. log^ - 2 £^^^ S'(x) 9^(x,0,0) + (x,0,0) + (x,0,0) dx (AI7) 


for the wave drag of a body of revolution in a nonuniform stream. For a 
closed body of revolution = 0 and eqmtion (AI 7 ) beccmes 



20 


MCA TN 5569 



If i/2 is used as the unit of length, equation (AI8) can he 
in nondimensional fom as 


D 

q(i/2)2 



s"(xi)s"(|i) loggjx^ - dll dx^ - 


2 



s'(xi)K'(xi) dxi 


where 





and 


and 


X-, = 


i 




S(x) 

(z/2)^ 



2cp^(x,0,0) 

i 


(A18) 

expressed 



KACA TN 3569 


21 


REIFEEENCES 


1. Friedman, Morris D., and Cohen, Doris: Arrangement of Fusiform Bodies 

To Reduce the Wave Drag at Supersonic Speeds. NACA TN 55^5 ^ 195^* 
(Supersedes NACA RM A5U20.) 

2. Von Karman, Th.: The Problem of Resistance in Ccmpressible Fluids. 

R. Accad. d'ltalia. Cl. Sci. Fis., Mat. e Nat., vol. XIV, 195^* 
(Fifth Volta Congress held in Rome, Sept. 50 - Oct. 6, 1935*) 


5 • Weinstock, Robert : Calculus of Variations . First ed . , McGrav-Hill 

Book Co . , Inc . , 1952 . 


Sohngen, Heinz: Die Losungen der Integralgleichung 


g(x) = TT- (t 


1 


2jt 


J-a X - ^ 


d| und deren Anwendung in der Tragf lugeltheorie . 


Mathematische Zs . , vol. 45, 1939, PP* 245-264. 


5. Haack, W.: Projectile Shapes for Smallest Wave Drag. Translation 

No. A9-T-5, Contract W35-038-ac-15004 (16551), ATI No. 27756, Air 
Materiel Command, U. S. Air Force, Brown Univ., 1948. 

6. Sears, William R.: On Projectiles of Minimum Wave Drag, ^arterly 

Appl. Math., vol. IV, no. 4, Jan. 19^7, PP* 361-566. 

7. Ward, G. N.: Supersonic Flow Past Slender Pointed Bodies. Quarterly 

Jour. Mech. and Appl. Math., vol. II, pt. 1, Mar. 1949, PP* 75-97* 







Axial coordinate, 
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